Introduction {#s1}
============

In 2007, the African swine fever (ASF) virus reappeared in the Eurasian continent in Georgia ([@B1], [@B2]). From there, ASF further spread to the neighboring countries ([@B3]), entered the European Union in 2014 ([@B4]), and led most recently to local outbreaks in Western Europe ([@B5], [@B6]). Reported lethality rates induced by ASF were very high, reaching 95--100% in both domestic pigs and wild boar ([@B7]).

While concerns connected to this ASF outbreak focused mainly on threats to the pork industry and associated economic losses ([@B8], [@B9]), the impact of ASF on wild boar population size and the resulting consequences for ecosystem functioning has been so far neglected. Wild boar play a key role in the ASF cycle in Europe, facilitating virus transmission and survival in the environment ([@B10]). This wild boar--habitat cycle and its interaction with the domestic cycle is a major concern in Europe. Thus, understanding the impact of ASF on wild boar population is needed to better assess the dynamic of the wild boar--habitat transmission cycle.

To our knowledge, there are no published results on wild boar population mortality due to ASF under natural conditions. Considering that wild boar is one of the key species affecting structure and functioning of ecosystems globally ([@B11]--[@B18]), knowledge on how ASF affects wild boar populations is crucial to better predict ecosystem response and to gain knowledge to prepare a scientific-based wild boar management plan aimed to control ASF more effectively ([@B19]). The default policy in Europe consists in a drastic reduction of wild boar population before ASF incursion ([@B20]), and once the disease is present, an active carcass removal within the infected zone combined with intense hunting in buffered zones ([@B21]). However, host population and disease-management plans can interact and generate unexpected demographic and behavioral responses of the targeted populations ([@B22], [@B23]). In this respect, it is crucial to know the relative contribution of hunting actions and ASF in affecting wild boar population dynamics.

In this paper, we studied the dynamics of a wild boar population in the period 2012--2017 that overlapped with an ASF outbreak in 2015 in the Białowieza Primeval Forest (BPF, Poland). The BPF offers the unique opportunity to study wild boar population dynamics under two contrasting management regimes: a hunting-free area ("unmanaged area") and an area with intensified wild boar culling in response to the ASF outbreak ("managed area"). We hypothesized that, in the managed area, wild boar population decline will be stronger and faster due to the additive impact of hunting- and ASF-induced mortality compared to the unmanaged area.

Methods {#s2}
=======

Study Area
----------

The BPF, located in eastern Poland (52°450N, 23°500E) and western Belarus, is a large continuous forest composed of mixed deciduous stands. The BPF covers in total 1,450 km^2^ and consists of a mosaic of forest types, which is dominated by deciduous oak-lime-hornbeam forest. The climate is continental with a mean temperature of 6.8°C and a mean annual precipitation of 641 mm. Five native ungulate species occur in the BPF (in decreasing order of abundance): red deer (*Cervus elaphus*), wild boar, roe deer (*Capreolus capreolus*), European bison (*Bison bonasus*), and moose (*Alces alces*). These ungulate co-occur with two large carnivores: the Eurasian lynx (*Lynx lynx*) and the wolf (*Canis lupus*) ([@B24]). Before the ASF outbreak, wild boar belonged to the most abundant ungulate species both in numbers and in biomass ([@B25]). For a more detailed description of the study area, see ([@B26]).

In the polish part of the BPF, where our study was carried out, the area is divided into two management regimes ([Figure 1](#F1){ref-type="fig"}). The largest protected part is the Białowieza National Park, which is managed for biodiversity conservation. Hunting is not allowed inside the national park ("unmanaged area," area = 105 km^2^). The area outside the national park is managed for timber production (by the State Forest National Forest Holding), and ungulate numbers are regulated ("managed area," area = 600 km^2^). Wild boar hunting is conducted all year round with the main hunting season occurring in winter (October--February).

![Study area, the Białowieza Primeval forest (BPF), with two management regimes. In the "managed area," wild boar culling intensified as a result of the ASF outbreak, whereas, in the "unmanaged area," no wildlife management actions were taken. Camera placement is indicated in different colors during the survey periods in 2012--2017.](fvets-07-00378-g0001){#F1}

In the region, the first cases of ASF in wild boar were detected in February 2014 near Sokółka in the northeastern part of the country at a distance of c. 50 km from the BPF ([@B4]), and the first official cases of ASF in the BPF were reported in March 2015 ([Figure 1](#F1){ref-type="fig"}). In the managed parts of the BPF, hunting followed the national policy aimed at drastically reducing wild boar numbers prior to ASF arrival. This led to a 4-fold increase in hunting bags in 2014/2015 when compared to the average hunting bag over the 2005--2014 period ([Figure 2C](#F2){ref-type="fig"}). In the following hunting season of 2015--2016, when the first case of ASF had been officially confirmed within the BPF, intense hunting actions continued (3-fold increase in hunting bag compared to 2005--2014). Inside the unmanaged area, no hunting or any other wild boar--targeted management actions took place in reaction to the ASF outbreak.

![Wild boar trapping rates based on camera trap surveys **(A)**, wild boar density estimation based on the random encounter model and comparison with independent drive count estimates **(B)**, and derived abundance and comparison with hunting bag in the managed and the unmanaged parts of the BPF **(C)**. The dotted lines in between census years 2014 and 2015 indicate a change of camera trap placement. The shaded area represents the period where ASF is officially observed in the BPF.](fvets-07-00378-g0002){#F2}

Camera Trapping Design
----------------------

We used available camera trap surveys taking place in the BPF between 2012 and 2017 to provide an objective estimate of wild boar population size. Because camera survey objectives varied over time, the study design (i.e., camera placement and timing) varied accordingly ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). Specifically, between 2012 and 2014, camera traps followed a random placement design \[see ([@B26])\] while between 2015 and 2017, cameras were placed along forest roads and trails to increase capture rates of large carnivores ([@B26]). We investigated the potential effect of this change in design (placement and timing) on wild boar population estimates in our analysis (see the section on *Detection Probability*). During the entire survey period, the same digital trail camera model (Ecotone SGN-5210A) was used. Cameras were triggered by passive infrared sensors with a detection angle of c. 35° and a maximal detection range of c. 20 m. After detection, with a time lag of 1 s, a photograph was taken and the camera recorded a 60-s video ([@B26]). During low-light conditions, cameras switched to a stealth infrared mode. Cameras were attached to a tree at a height of c. 1 m at locations with a clear view of at least 20 m \[see ([@B26])\]. Camera trap surveys took place during summer and autumn (August--October), except for the 2014 survey (survey between January and March). Photographs and videos were manually analyzed and information on timestamp, the number of individuals, and when possible, age class (piglet, juvenile, or adult) and sex were recorded. The different camera trap surveys as well as the related data, photographs, and videos were managed using the open-source Trapper software ([@B27]).

Data Analysis
-------------

### Detection Probability

As the long-term wildlife monitoring in Białowieza contains changes in (i) camera trap placement (random vs. trail/road-based) and (ii) survey period (different seasons), we tested the effects of these two variables on the probability of detecting wild boar. To assess the impact of camera placement, we used the 2016 camera session, in which both methods of camera trap placement were used in a paired design. Specifically, 50 cameras were installed along the existing network of forest roads, and a paired camera was installed randomly ca. 200 m from the initial camera in the forest. To test for seasonal effects, we used the 2013 survey in which cameras were deployed continuously throughout the year ([@B26]). We pooled data on wild boar for each season (spring: March--May, summer: June--August, autumn: September--November, winter: December--February). We used a single-season occupancy model assigning the type of camera trap placement and the season as covariates ([@B28]). We used "camtrapR" ([@B29]) and "unmarked" packages ([@B30]) to prepare the dataset and to perform analysis within the R environment ([@B31]).

### Camera Trapping Rate and Density Estimation

To quantify yearly changes in the wild boar population number, we used a relative index of abundance based on the wild boar trapping rates and a density estimate based on these figures. Camera trapping rate is defined as the ratio between the encounter rate, i.e., the total number of photographic events *y* and the camera trapping effort *t*, i.e., the number of 24-h periods each camera was deployed. To ensure independency between subsequent event records, we only used consecutive camera capture events (i.e., visiting individuals or groups of wild boar) with a minimum of 10-min interval between records ([@B32]). This resulted in the removal of 197 records from the full dataset comprising 2,089 records. For species, such as wild boar, that are difficult to individually recognize \[but see ([@B33])\], methods considering the process of contact between animals and sensors have been developed. Here, specifically we used the random encounter model (REM), describing the rate of contact between moving animals and static cameras to estimate animal density ([@B34]). The REM requires information on the species number of encounter *y*, sampling effort (i.e., camera days) *t*, camera detection zone specified by radius *r* and angle *theta*, and an estimated average speed of movement of the target species *v*.

In case of social species like wild boar, individual records can be considered as group records, in which case REM density is multiplied by unbiased independent estimate of average group size *g* ([@B34]). Because camera trapping estimates are sensitive to group size ([@B35]) and ASF and culling pressure might have impacted wild boar group structure and size, we decided not to include this parameters in our REM. Our view is analogous to that put forward in the context of distance sampling of clustered animals. The authors of ([@B36]) acknowledge that treating grouped individuals as independent values may sometimes be necessary if accurate group counts are not easily obtained, or if groups are not cohesive, as is the case for lions ([@B37]). In this case, variance connected to the REM estimates will be inflated, but estimates remain unbiased ([@B36]). We thus calculated wild boar density (*D*) according to
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where *y* and *t* are the same as for the camera trap rate. Estimation of average speed *v* was based on daily range estimations from collared wild boar in the same study area ([@B38]). Considering the large underestimation of daily range movement with telemetry methods ([@B39]), we applied a correction factor to improve the daily range estimate following ([@B40]). Camera detection radius *r* was based on ([@B41]), and the angle *theta* was based on camera model specifications ([Table 1](#T1){ref-type="table"}). We estimated uncertainty around y/t using non-parametric bootstrapping ([@B42]), resampling camera trap locations with replacement 10,000 times ([@B34]).

###### 

Parameters used in the random encounter model to estimate wild boar density.

  **Parameters**   **Description**                        **Value**   **References**
  ---------------- -------------------------------------- ----------- ---------------------------
  *y*              Number of independent photo-captures   --          This study
  *t*              Camera effort (days)                   --          This study
  *v*              Daily range (km/day)                   8.9 ± 3.4   Podgorski et al. ([@B38])
  *r*              Detection distance (km)                0.02        Bubnicki et al. ([@B26])
  *theta*          Detection angle (radian)               0.61        Bubnicki et al. ([@B26])

Further, to account for uncertainty due to other parameters (*v* and *r*), we used the propagate package in R ([@B43]). Propagate uses first-/second-order Taylor approximation and Monte Carlo simulation to calculate uncertainty propagation. We ran 10,000 simulations of these variables using the mean and standard deviations obtained from our data for *y/t, v*, and *r*, fixing all the other parameters. We compared our estimates of population density derived from camera trap analyses to drive count estimates, the method applied in the BPF to assess ungulates population ([@B25]). Drive count consists of a yearly census organized in the same day (in February) in the whole BPF (both managed and unmanaged parts). During these drive count, more than 200 people (divided into mobile pushers and stationary observers placed at the compartment limits) counted animals in randomly selected forest compartments \[see ([@B25]) for more details\], covering 10% of the entire Białowieza forest (including the managed and unmanaged parts).

From our density estimates for the managed and unmanaged areas, we derived the total wild boar population size by multiplying by the study area size, i.e., 600 km^2^ for the managed and 105 km^2^ for the unmanaged area, respectively. Observed population decline was then calculated for the two areas as the relative change (in percent) in abundance between 2015 and 2016 survey. Variation around the population decline was estimated by taking the average between the maximal (i.e., mean+sd~abundance,\ 2015~ to mean-sd~abundance,\ 2016~ relation) and the minimal (i.e., mean-sd~abundance,\ 2015~ to mean+sd~abundance,\ 2016~ relation) possible decline.

Finally, to assess the relative impact of ASF- and hunting-induced mortality on wild boar population size, we used two approaches. In the first one, we simply compared the decrease in abundance between the managed and the unmanaged populations, assuming that (i) populations are closed and (ii) population growth is equal in the two areas, so that the difference in population decline between the areas can be attributed mainly to hunting. The population closure assumption is congruent with telemetry study indicating very few movements of individuals between managed and unmanaged areas ([@B38]). The assumption of similar population growth is also reasonable considering the comparable resource and climatic conditions occurring in the two adjacent areas. Specifically, we assumed that the observed population decline inside the unmanaged forest is only due to ASF, following
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Whereas, in the managed area, the total observed decline was due to both hunting and ASF.
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In the second approach, we focused on the managed area only, investigating the relative share of hunting- and ASF-induced mortality. Specifically, we calculated the contribution of hunting-induced mortality to the observed decline in wild boar population since the first case of ASF according to
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In this calculation, we make the assumption that available figures of hunting bags are accurate, i.e., that all shot wild boar have been reported and no animals died after a hunting event following shot wounds (and thus were not reported).

Results {#s3}
=======

Wild boar detection probability (i.e., probability of detecting wild boar) was not influenced (*t*-test, *t*~42~ = 3.15, *p* \> 0.1) by camera placement (randomly placed 0.15 ± 0.05 sd vs. camera traps placed on roads 0.17 ± 0.05 sd) ([Supplementary Figure 1](#SM1){ref-type="supplementary-material"}). This result indicates that the change in camera placement that occurred during our study period unlikely affected our density estimates. Detection probability of wild boar differed between seasons (one-way ANOVA: *F*~3,\ 591~= 27.29, *p* \< 0.001) with increasing wild boar detections from spring to autumn and a decline in winter ([Supplementary Figures 2](#SM1){ref-type="supplementary-material"}, [3](#SM1){ref-type="supplementary-material"}). We therefore based our comparisons across years only on data collected in the same season, i.e., in summer--fall when wild boar numbers are highest for all years except 2014, for which only a winter survey was available. For the year 2014, we cautiously interpret the estimate when compared to other years.

Wild boar trapping rates in the managed and unmanaged areas followed the same pattern during the 2012--2017 survey period ([Figure 2A](#F2){ref-type="fig"} and [Supplementary Table 1](#SM1){ref-type="supplementary-material"}). In both areas, the trapping rate decreased dramatically from 2015 onward and remained at a low level. Density estimates from the REM showed similar trends as the camera trapping rate. For both managed and unmanaged areas, the density dropped from 8.6 ± 3.2 (mean ± sd) and 7.8 ± 3.9 individuals km^−2^ in year 2015, to 0.4 ± 0.3 and 1.2 ± 0.9 individuals km^−2^ in year 2016, respectively ([Figure 2B](#F2){ref-type="fig"}).

Comparing the population size between summer 2015 (just after the ASF outbreak in the BPF) and summer 2016, we observed a 94.8 ± 6.4% decline in the managed area and a 83.8 ± 25.5% decline in the unmanaged part ([Figure 2C](#F2){ref-type="fig"}). This would indicate that hunting in the managed parts resulted in an 11% additional mortality to the ASF-induced mortality. When we compared hunting bags and abundance estimates of years 2015 and 2016 in the managed area, the relative share of hunting-induced mortality rose to 21.7 ± 11.2%, while ASF accounted for 78.3 ± 11.2%. This value is relatively close to the one observed for the unmanaged area (83.8% decline).

Discussion {#s4}
==========

This is the first study to quantify the impact of ASF on the mortality of wild boar population under contrasting management conditions consisting of a hunted and a hunting-free area. After official presence of ASF within the borders of the BPF, we observed a population decline of 83.8 ± 25.5 and 94.8 ± 6.4% for the unmanaged and managed parts of this forest, respectively. This result only slightly corroborates our initial hypothesis that the wild boar population in the managed part will experience a stronger and faster decline due to the additive impact of hunting. Indeed, the observed difference (11%) between these two areas suggests that the intense hunting actions implemented during 2014--2015 and 2015--2016 had a relatively low additional impact on the observed population decline.

When investigating the relative hunting ASF share in the population decline using hunting bags and abundance estimates, we showed that the relative share of hunting- and ASF-induced mortality could be 21.7 and 78.3%, respectively. In our analysis, we assumed that hunting bag records are accurately reported and that all shot individuals have been retrieved and there is no additional delayed mortality following hunting events. Such underreporting of hunting bags could lead to an inaccuracy of the estimation of the hunting-induced mortality. Together, these two approaches suggest that ASF has a large impact on wild boar population, removing around 80% of the population in 1 year of disease presence. Furthermore, our results indicate that the increased hunting pressure during the ASF epidemic led to only a small additional impact on population decline.

Many lessons can be learned from the management actions implemented in the BPF in response to the ASF outbreak. The first management actions took place in 2014--2015 before the ASF presence in the BPF. It followed the Polish national emergency plan and EFSA recommendation to preventively reduce wild boar density before ASF introduction ([@B44]). To reach this aim, hunting pressure was increased dramatically (four-time increase in the number of wild boar shot compared to previous years\' average) in the managed part of the BPF. The action apparently failed to reach its goal since the population density in the following year remained high (7.5 animals km^−2^), and no difference in trends between the managed and unmanaged parts could be observed ([Figure 2B](#F2){ref-type="fig"}). This result is congruent with previous work demonstrating that wild boar population can still increase even when hunting mortality is increased ([@B45]). It further suggests that other environmental factors, such as climate ([@B46]) and pulsed resources ([@B47]), could have played a greater role in driving wild boar population dynamics than the increased intensity of hunting. High hunting pressure might also have induced unwanted effects inducing compensatory population growth rate and accelerated generation time, i.e., higher juvenile female contribution to the reproductive set ([@B48]) and earlier reproduction ([@B49]). In the managed part of the BPF, the camera trap data suggest such a positive feedback, with an increased ratio of observation of piglets and juveniles in the year following the hunting actions (unpublished result). The second action took place in 2015--2016 (a 3-fold increase in hunting bag compared to the years before the ASF outbreak) after the first case of ASF was already observed in the BPF and continued through 2016--2017. The second hunting action might have had an unwanted effect on the spread of ASF in the area itself and outside, i.e., increased transmission and large movement of groups and individual wild boar ([@B44], [@B50]).

In the BPF, ungulates drive counts are annually performed (see the *Methods* section). In general, the trend based on drive count density estimates was similar to the camera trap estimates ([Figure 2B](#F2){ref-type="fig"}). But for some specific years (2012, 2014, and 2015), there were clear differences illustrating the inaccuracy of the population index approach like drive count census to capture population changes for the following reasons. The timing of the drive count, taking place in February before wild boar reproduction peak, does not allow seeing potential positive feedback of management actions on population dynamics (such as discussed above). Furthermore, drive count census provides a snapshot of the population status at one particular day (the day of the census) in a part of the area (10% of the study area), thus inaccurately taking into account existing spatiotemporal patterns in wild boar presence in the BPF \[see ([@B26])\]. In comparison, camera trap surveys have been shown to be particularly efficient to monitor animal populations in various conditions ([@B51]). During the 2012--2017 survey period, we had a spatiotemporal coverage of the population of 0.07--0.50 camera km^−2^ deployed for a minimum of 3 months. The camera traps approach therefore provides a much more representative picture based on longer-term observations with a higher spatial resolution. We therefore argue that camera traps provide more reliable population size estimates, considering their higher spatial and temporal sampling resolution.

We are aware of some limitations of our study. Firstly, we assumed that only ASF and hunting influenced wild boar mortality. In the BNP, however, natural predators, lynx, and wolf are also present. The impact of these predators on wild boar is, however, moderate \[predation from wolf and lynx has been estimated to account for 14% of mortality ([@B24], [@B52])\]. Since both wolf and lynx are not hunted in neither the managed nor the unmanaged area and both species occur in similar densities across the area ([@B26]), it is expected that predator-induced mortality rates are not largely different between the managed and unmanaged areas. Road casualties, another important cause of ungulate mortality, are not considered in our study. However, the road network in the BNP is very limited, and the number of casualties is negligible ([@B25]). Secondly, we used published parameters necessary for the computation of densities based on the REM. While daily range estimates come from the same study area, our density estimates would be improved if camera detection distance and angle parameters would be assessed specifically for our study.

Our study showed that the ASF outbreak led to a drop of 83.8 ± 25.5% and 94.8 ± 6.4% of the wild boar population in a non-hunted and a hunted area, respectively, within 1 year from the detection of the first ASF case. The observed wild boar decline was mostly due to ASF, and even a 3-fold increase in the hunting intensity during ASF outbreak had only minor additional effect (11--22%) on wild boar mortality in areas already affected by ASF. This fact has significant implications for management and disease control efforts. First, it appears reasonable to limit (or even ban) hunting activities in newly infected areas, at least during the first stages of epidemic, because the ASF virus appears to be more effective in reducing wild boar numbers, while intense hunting poses a high risk of virus spread, e.g., through fomites ([@B53]), disturbed animals ([@B50]), or hunters\' movement ([@B54]). Effectiveness of such an approach is supported by its successful implementation in the Czech Republic and Belgium ([@B55]). Secondly, high ASF-induced mortality and subsequent abundance of infectious carcasses underline the critical importance of systematic carcass search and removal for effective disease control. This measure should help to reduce the viral load in the environment, enhance passive surveillance, and facilitate tracking of disease dynamics ([@B56]). To optimize resources use in ASF control, we suggest that hunting to reduce wild boar population size is reasonable only as a preemptive measure in anticipation of the disease and should be replaced by systematic carcass removal efforts once an epidemic breaks out.

While our results indicate that more than 80% of the wild boar population disappeared within 1 year of the ASF outbreak, one might wonder what happened with the remaining population. Do they get infected and recover, becoming carriers? The question has still no clear answer ([@B57]--[@B59]) but will need careful attention in post-infection areas (e.g., by means of hunted population surveillance) to ensure complete disease eradication. Another possibility is that the remaining population is made of individuals and/or groups of individuals that succeeded in avoiding the infection. In this case, we will need to know if there are specific traits favoring disease avoidance (e.g., age, sex, boldness)? These questions along with the relative impact of ASF on wild boar population structure and post-infection recovery will need careful attention in the coming time in order to improve our understanding of the ASF--wild boar system.

The drastic wild boar population decline observed in the BPF not only has important disease-management implications. It also has important implications in terms of ecosystem functioning, considering the fundamental roles played by wild boar ([@B11]--[@B18]). Pursuing monitoring of the population recovery along with forest dynamics will thus be of crucial importance in the coming years to better understand potential and so far unconsidered consequences of ASF on trophic cascades induced by wildlife diseases ([@B60]).
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